A method to evaluate the particle-phonon coupling (PC) corrections to the single-particle energies in semi-magic nuclei, based on a direct solving the Dyson equation with PC corrected mass operator, is used for finding the odd-even mass difference between 18 even Pb isotopes and their odd-proton neighbors. The Fayans energy density functional (EDF) DF3-a is used which gives rather high accuracy of the predictions for these mass differences already on the mean-field level, with the average deviation from the existing experimental data equal to 0.389 MeV. It is only a bit worse than the corresponding value of 0.333 MeV for the Skyrme EDF HFB-17 which belongs to a family of Skyrme EDFs with the highest overall accuracy in describing the nuclear masses. Account for the PC corrections induced by the low-laying phonons 2 The single-particle (SP) spectrum of a nucleus essentially influences different nuclear properties. Therefore ability to describe nuclear SP spectra correctly is very important for any self-consistent nuclear theory. Till now, experimental SP levels are known in detail only for magic nuclei [1] . Their analysis in [2] on the base of the energy density functional (EDF) DF3-a [3], which is a small modification of the original Fayans EDF DF3 [4, 5] , led to rather good description of the data, significantly better than the predictions of the popular Skyrme EDF HFB-17 [6] which belongs to the family of the EDFs HFB-17 -HFB-27 [7] possessing the highest accuracy among all the self-consistent calculations in reproducing nuclear masses.
A method to evaluate the particle-phonon coupling (PC) corrections to the single-particle energies in semi-magic nuclei, based on a direct solving the Dyson equation with PC corrected mass operator, is used for finding the odd-even mass difference between 18 even Pb isotopes and their odd-proton neighbors. The Fayans energy density functional (EDF) DF3-a is used which gives rather high accuracy of the predictions for these mass differences already on the mean-field level, with the average deviation from the existing experimental data equal to 0.389 MeV. It is only a bit worse than the corresponding value of 0.333 MeV for the Skyrme EDF HFB-17 which belongs to a family of Skyrme EDFs with the highest overall accuracy in describing the nuclear masses. Account for the PC corrections induced by the low-laying phonons 2 The single-particle (SP) spectrum of a nucleus essentially influences different nuclear properties. Therefore ability to describe nuclear SP spectra correctly is very important for any self-consistent nuclear theory. Till now, experimental SP levels are known in detail only for magic nuclei [1] . Their analysis in [2] on the base of the energy density functional (EDF) DF3-a [3] , which is a small modification of the original Fayans EDF DF3 [4, 5] , led to rather good description of the data, significantly better than the predictions of the popular Skyrme EDF HFB-17 [6] which belongs to the family of the EDFs HFB-17 -HFB-27 [7] possessing the highest accuracy among all the self-consistent calculations in reproducing nuclear masses.
Inclusion of the particle-phonon coupling (PC) corrections, with account for the non-pole diagrams [8, 9] , made the agreement even better. So-called g 2 Lapproximation for the PC corrections was applied, g L being the creation vertex of the L-phonon. The corresponding diagrams for the PC correction δΣ PC L to the mass operator Σ 0 , in the representation of the SP states |λ , are displayed in Fig. 1 . The first one is the usual pole diagram, with obvious notation, whereas the second one represents the sum of all non-pole diagrams of the order g 2 L . The latter is often named "the phonon tadpole" [10] , as an analogue of the tadpole-like diagrams in the field theory [11] . In magic nuclei, the perturbation theory in δΣ PC L is valid [2] for solving the Dyson equation with the mass operator Σ(ε)=Σ 0 +δΣ PC (ε). Another situation is often occurs in semi-magic nuclei [12] , due to a strong mixture of some SP states with those possessing the structure of a SP state + L-phonon. For such cases a method is developed in [12] which is based on a direct solving the Dyson equation with the mass operator Σ(ε). Each SP state |λ splits to a set of |λ, i solutions with the SP strength distribution factors S i λ . In [12] a method is proposed how to express the average SP energy ε λ and the average Z λ factor in terms of ε i λ and S i λ . It is similar to the one used usually for finding the corresponding experimental values [1] . The experimental data in heavy non-magic nuclei considered in [12] are practically absent, therefore no comparison with experiment was made in that work.
Fortunately, there is a massive of data which has a direct relevance to the set of the solutions ε i λ under discussion. We mean the odd-even mass differences, that is the "chemical potentials" in the notation of the theory of finite Fermi systems (TFFS) [13] :
where B(Z, N ) is the binding energy of the corresponding nucleus. Evidently, they are equal to one nucleon separation energies S n,p [14] taken with the opposite sign. For example, we have µ
Indeed, let us write down the Lehmann spectral expansion for the Green function G(ε; r 1 , r 2 ) in the λ-representation of the functions which diagonalize G [13] :
with obvious notation. The isotopic index τ = (n, p) in (5) is for brevity omitted. In both the sums, the summation is carried out for the exact states |s of nuclei with one added or removed nucleon. Explicitly, if |0 is the ground state of the even-even (Z, N ) nucleus, the states |s in the first sum correspond to the (Z, N + 1) one for τ = n and (Z + 1, N ) for τ = p. Correspondingly, in the second sum they are (Z, N − 1) for τ = n and (Z-1,N ) for τ = p. If |s is a ground state of the corresponding odd nucleus, the corresponding pole in (5) coincides with one the chemical potentials (1) -(4). At the mean field level, they can be attributed to the SP energies ε λ with zero excitation energy, whereas with account for the PC corrections they should coincide with the corresponding energies ε i λ . The calculation scheme used in [12] and in this work contains some approximations which are typical for the TFFS [13] and which are valid in heavy nuclei with accuracy of 1/A, A=N +Z. At the mean field level, we relate the poles of the Green function G(ε) of the eveneven nucleus (Z, N ) to the SP levels of its odd neighbors, (Z ± 1, N ) or (Z, N ± 1). Namely, the effect of the core deformation by the odd particle or hole to the mass operator Σ is neglected. Note that, according to the TFFS scheme, this odd particle induced deformation and the corresponding, say, quadrupole moment may be found explicitly by solving the equation for the effective field [13] , which is similar to that of the quasiparticle random phase approximation (QRPA), see e.g. [15, 16] . It should be stressed that the main odd particle effect is the PC one, and we consider it explicitly. Another approximation we use at the PC stage and it concerns the characteristics of the phonons we consider. Namely, we use the QRPA solution for the L-phonon in the (Z, N ) nucleus for finding the PC corrections to the SP characteristics of of these odd nuclei. Thereby, we neglect the "blocking effect" of the odd particle (hole) in the QRPA equation for g L . Accuracy of this approximation can be estimated as 1/n L , where n L is the number of the particle-hole states which contribute effectively to the vertex g L . We deal with strongly collective 2 + 1 and 3 − 1 states in the even lead isotopes, for which we may estimate this number as n L ≃20 ÷ 30. A method to take into account the effect of the odd particle in the problem under consideration is developed in [17] . It is mainly important for lighter nuclei. Note also that there is a direct, in general more accurate, method to find the mass differences (1) - (4) in terms of the binding energies of each nuclei entering these relations. However, the calculation of the PC corrections to binding energies is rather cumbersome [9] and up to now there is no systematic corresponding calculations.
Let us describe briefly the method [12] to solve the PC corrected Dyson equation for the quasiparticle Green function. We should solve the following equation:
where H 0 is the quasiparticle Hamiltonian with the spectrum ε
λ and wave functions φ
λ . In the case when several L-phonons are taken into account, the total PC variation of the mass operator in Eq. (6) is the sum over all phonons:
We deal with the normal subsystem of the semimagic nucleus under consideration, correspondingly, Σ(ε) is the mass operator of a normal Fermi system. In this case, the explicit expression for the pole term is well known and can be found in [2, 12] . As to the non-local term, we follow to the method developed by Khodel [8] , who first considered such diagrams in the problem of PC corrections in nuclei, see also [9] .
All low-lying phonons we deal with are of surface nature, the surface peak dominating in their creation amplitude:
The first term in this expression is surface peaked, whereas the in-volume addendum χ L (r) is rather small. It is illustrated in Fig. 2 Just as in [2, 12] , we will below neglect the in-volume term in (8) [18] is given. We present only 3 decimal signs only of the latter to avoid a cumbersomeness of the table. On the whole, the ω L values agree with the data sufficiently well. In more detail, for the interval of 194−200 Pb, the theoretical excitation energies of the 2 + -states are visibly less than the experimental ones. This is a signal of the fact that our calculations overestimate the collectivity of these states and, correspondingly, the PC effect in these nuclei. The opposite situation where is for the lightest Pb isotopes, A<190, where we, evidently, underestimate the PC effect. The α L value defines the amplitude, directly in fm, of the surface L-vibration in the nucleus under consideration. We see that in the most cases both the phonons we consider are strongly collective, with α L ≃0.3 fm. At small values of ω L , the vibration amplitude behaves as α L ∼1/ω L [9, 19] . Both the PC corrections to the SP energy, pole and non-pole, are proportional to α 2 L . The ghost state 1 − is also taken into account, although the corresponding correction for nuclei under consideration is very small, see [12] , because it depends on the mass number as 1/A, A=N +Z. As the non-regular PC corrections to the SP energies we examine are important only for the states nearby the Fermi surface, we limit ourselves with a model space S 0 including two shells close to it, i.e., one hole and one particle shells, and besides we retain only the negative energy states. Note that for finding the pole term δΣ pole we use essentially wider SP space with energies ε (0) λ <40 MeV. To illustrate the method, we take for example the nucleus 198 Pb . The space S 0 involves 5 hole states (1g 7/2 , 2d 5/2 , 1h 11/2 , 2d 3/2 , 3s 1/2 ) and three particle ones (1g 9/2 , 2f 7/2 , 1i 13/2 ). We see that there is here only one state for each (l, j) value. Therefore, we need only diagonal elements of δΣ PC in Eq. (6). In the result, it reduces as follows:
Details of finding the solutions ε i λ of Eq. (10) can be found in [12] . In this notation, λ is just the index for the initial SP state from which the state |λ, i originated. 
The corresponding SP strength distribution factors (Sfactors) are:
They should obey the normalization rule:
Accuracy of fulfillment of this relation is a measure of the completeness of the model space S 0 we use to solve the problem under consideration. Two examples of the sets of solutions for four |λ, i states in 198 Pb are presented in Table 2 . They originate from the first hole and the first particle states in the model space S 0 . In this case, our prescription for the odd-even mass differences, in accordance with the Lehmann expansion (5), is as follows:
As an illustration, we displayed in Fig. 3 the SP strength distributions (S-factors) of the similar two states nearby the Fermi level in the neighboring nucleus 196 Pb.
The similar values for all the chain under consideration are given in Table 3 . In the last line, the average 
where N exp =34. For comparison, we calculated the corresponding value for the "champion" Skyrme EDF HFB-17 [6] using the table [7] of the nuclear binding energies. It is equal to δµ rms (HFB − 17)=0.333 MeV. We see that accuracy of the Fayans EDF DF3-a without PC in predicting the odd-even mass differences is only a bit worse. It agrees with the original Fayans's idea [4, 5] develop an EDF without PC corrections. However, account for the PC corrections due to two low-laying collective phonons makes agreement with the data significantly better.
To resume, a method, developed recently [12] to find the PC corrections to SP energies of semi-magic nuclei based on the direct solution of the Dyson equation with the PC corrected mass operator, is used for finding the odd-even mass difference between the even Pb isotopes and their odd-proton neighbors. The Fayans EDF DF3-a is used for generating the mean field basis. On the mean-field level, the average accuracy of the predictions for the mass differences δµ rms (DF3−a)=0.389 MeV is only a bit worse than that (0.333 MeV) for the Skyrme EDF HFB-17 fitted to nuclear masses with highest accuracy among the self-consistent calculations. Account for the PC corrections due to the low-laying phonons 2 We acknowledge for support the Russian Science Foundation, Grants Nos. 16-12-10155 and 16-12-10161. The work was also partly supported by the RFBR Grant 16-02-00228-a. This work was carried out using computing resources of federal center for collective usage at NRC "Kurchatov Institute", http://ckp.nrcki.ru. EES thanks the Academic Excellence Project of the NRNU MEPhI under contract by the Ministry of Education and Science of the Russian Federation No. 02. A03.21.0005.
